Objective: For patients who remain hypothyroid despite the administration of what would seem adequate doses of levothyroxine (L-T 4 ), the underlying cause can be difficult to determine. The possibility of a biological cause should first be explored; however, in the majority of cases, poor adherence to medication is likely to be the main cause of treatment failure. When non-adherence is suspected but not volunteered, options to confirm the suspicion are limited. In this study, we identified patients for whom known drugs and pathological causes of L-T 4 malabsorption were excluded, and despite often high doses of L-T 4 , the patients remained hypothyroid. Design: Using a weight-determined oral L-T 4 bolus administration, absorption was initially assessed in 23 patients. In nearly all patients, this was shown to be maximal at 120 min post-ingestion. This was then followed by the continued administration of a weekly T 4 bolus for a 4-week period after which TSH and free T 4 (fT 4 ) levels were recorded. Results: All patients showed a rise in fT 4 at 120 min following the administration of the L-T 4 bolus, with a mean increase of 54G3% from baseline. Following the treatment period, using an equivalent weekly L-T 4 dose, which was significantly less than that of the daily dose taken by the patients before the test, TSH reduced from baseline in w75% of cases. Conclusion: Using this combination of tests allows significant malabsorptive problems to be identified first and then potential non-adherence to be demonstrated. A management plan can then be implemented to increase adherence, aiming to improve treatment outcomes.
Introduction
Hypothyroidism has been successfully treated using synthetic thyroxine (T 4 ) since 1927 (1) . The detrimental effects of hypothyroidism are well documented (2) and an optimal daily dose of 1.6-1.8 mg/body weight (kg) per day of levothyroxine (L-T 4 ) is generally agreed as an appropriate replacement dose to restore the TSH into the normal range for the majority of hypothyroid patients (3) . The absorption of oral L-T 4 occurs in the small intestine (60-80% of the ingested dose), is maximal when the stomach is empty, and maximal absorption takes place within the first 3 h of ingestion (4) .
For patients who require larger doses of L-T 4 than expected, the underlying cause can be difficult to determine. The possibility of a biological cause should first be explored. A number of commonly used drugs, e.g. bile acid sequestering agents, ferrous sulphate, aluminium hydroxide, calcium carbonate and protonpump inhibitors (5) , as well as the ingestion of coffee (6) have been documented to interfere with the absorption of L-T 4 . Other drugs may increase the excretion or turnover of T 4 , e.g. phenytoin, rifampicin and carbamazepine. Malabsorptive disorders, e.g. coeliac disease and inflammatory bowel disease, can also increase the requirement for L-T 4 by reducing the fraction of the ingested dose that is absorbed. Other causes include atrophic gastritis, Helicobacter pylori, liver disease and previous gastrointestinal surgery. After excluding all these causes, rarely malabsorption can still be the cause, the reason for which may remain undetermined (7) . However, in the majority of cases, a lack of adherence to prescribed medication is likely to be the reason for treatment failure (3) .
Low compliance with prescribed medical interventions is an ever present and complex problem, especially for patients with chronic illness. Adherence to medication is the key link between a process and an outcome in medical care and without it, the likelihood of treatment failure is high (8) . In addition, poor adherence poses a significant financial burden upon health care systems (9) and is a source of ongoing frustration to doctors (10) , often placing a strain on the doctor-patient relationship. A number of factors have been suggested to contribute to non-adherence. These include the patients' beliefs about medications, an absence of symptoms, the fear of adverse effects and the confidence in the doctor-patient relationship (11) .
A non-judgemental discussion with the patient about adherence may confirm that this is the cause. However, if non-adherence is suspected but not volunteered, the options to confirm the notion are limited. Case reports have suggested using a T 4 absorption test, which involves administering a bolus of 1 mg oral L-T 4 , as a strategy to identify pseudomalabsorption (12) . Other reports have suggested using a bolus of weekly T 4 as a way to identify and reduce non-adherence (13) . One of the earliest studies to use weekly T 4 showed that when compared with daily administration, the mean peak fT 4 following weekly administration of T 4 was significantly higher. However, none of the tissue markers of thyroid hormone effect changed significantly when compared with daily T 4 , and in addition, there was no evidence of treatment toxicity, including cardiac toxicity (14) .
In our study, we identified patients where the biological causes mentioned earlier were excluded, and despite often high doses of T 4 , the patients remained hypothyroid. The patients were administered a weightrelated bolus dose of L-T 4 and absorption measured over various time points. Patients then continued weekly administration of the L-T 4 bolus for a 4-week period and TSH levels were then measured. The main aims of this combination of tests were to first enable an assessment of L-T 4 absorption then identify non-adherence by demonstration of a fall in TSH after the 4-week period. We also wished to assess the safety of once-weekly T 4 administration.
Materials and methods

Subjects
Patient recruitment was from two sites within the United Kingdom: Sheffield Teaching Hospitals NHS Foundation Trust and Oxford University Hospitals NHS Trust Oxford. Patients were identified who despite the treatment with an adequate daily dose of L-T 4 (daily dose R1.6 mg/kg per day) had failed to be rendered euthyroid (TSH persistently O5.5 mU/l). None of the selected patients were on drugs known to interfere with L-T 4 absorption/clearance and none were pregnant. All patients had a confirmed negative coeliac antibody screen and patients with known gastritis or malabsorptive pathology were excluded. No patient had a history of cardiac disease.
T 4 absorption test/weekly T 4
Patients were fasted from midnight before attending the Day Case Unit the following morning and remained fasting until the test was completed. A cannula was inserted and blood samples were taken for baseline TSH/free T 4 (fT 4 ) measurement. A week's supply of a weight-related bolus dose of L-T 4 (mean L-T 4 dose administered 1.69G0.2 mg/kg per day) was administered orally under supervision and the patient remained supervised for a further 1 h. Blood was collected via the cannula at 60-min intervals up to 240 min after ingestion for fT 4 measurement (flushing between sampling with heparin was avoided). The patient continued on the same weekly dose of L-T 4 for a total of 4 weeks. In one centre, the patients attended the Day Case Unit on a weekly basis to have the L-T 4 administered under supervision where it was crushed and mixed with jam and at the other centre where L-T 4 was not crushed. TSH was rechecked 1 week after the final dose.
Hormone assays FT 4 (normal range 10.5-20 pmol/l) and TSH (normal range 0.35-5.5 mU/l) were measured using chemiluminescence immunoassay on a Siemens ADVIA Centaur analyser (Frimley, UK). Method reproducibility, expressed as the between-batch % coefficient of variation, was as follows: fT 4 , 5.1% at 11.0 pmol/l, 4.5% at 27.8 pmol/l and 5.6% at 69.4 pmol/l; TSH, 4.8% at 0.47 mU/l, 4.7% at 6.8 mU/l and 4.3% at 38.5 mU/l.
Results
Twenty-three patients were offered the above regimen (Sheffield, nZ18; Oxford, nZ5). The median age was 45 (range 20-88) years and median body weight was 87 (range 53.5-143) kg. The duration of hypothyroidism was a median of 8.5 (range 3-24) years and the cause was autoimmune disease (nZ17), total thyroidectomy (nZ3) and post-radioiodine (nZ3). The mean TSH before starting the study was 41.23G44.8 mU/l and mean pre-study L-T 4 dose was 2.31G0.56 mg/kg per day. To identify the time for maximal absorption, the serum fT 4 concentration following the oral weightrelated L-T 4 bolus was measured at 60, 120, 180 and 240 min. In 82% of cases, the maximal rise in serum fT 4 concentration occurred by 120 min. At this time point, all patients (nZ23) showed a significant rise in fT 4 . The mean absolute increase in fT 4 at 120 min was 54G3%, from baseline (13.1G4.5 to 24.7G8.4 pmol/l; P!0.0001) (IQ range 43-61%) ( Fig. 1 ). No differences were found between patients with spontaneous and iatrogenic hypothyroidism. Three of the patients with the most severe hypothyroidism (TSH O150 mU/l) showed the lowest actual rise in fT 4 at 120 min.
A final blood test was taken 4 weeks after starting treatment; TSH had reduced in 17/23 (w75%) cases. In these 17 cases, the mean TSH had reduced from 47.1G50.2 to 17.6G20.6 mU/l ( Fig. 2: white bar) . The reduction observed in TSH occurred despite using a weight-related dose of L-T 4 , which was significantly less, compared with the daily equivalent, which was allegedly taken by the patients before the test (PZ0.005) ( Fig. 2: black bar) .
In six cases (w25%), despite a substantial rise in fT 4 at 120 min, indicating that L-T 4 was being absorbed (mean fT 4 : time 0 min 16.2G1 vs time 120 min 27.5G 3.2 pmol/l), TSH remained elevated after 4 weeks of treatment (see Table 1 ). None of the patients experienced side effects as a result of the T 4 absorption test or weekly L-T 4 administration.
Discussion
Poor adherence with medication is a common problem in many chronic diseases (8) . For patients who remain hypothyroid despite what would appear an appropriate amount of L-T 4 , the exclusion of any interfering drugs and other previously mentioned pathological causes need to be considered. In the majority of cases, the combination of a thorough history and examination should identify any contributing disease pathology. Rather than continuing to more detailed investigations, the issue of adherence needs to be addressed. However, if this is denied by the patient, this can often be difficult to demonstrate/confirm. Here, we describe a combination of a T 4 absorption test, aiming to determine adequate absorption, followed by weekly L-T 4 bolus administration, which identified adherence issues in 75% of cases. Previous studies using a T 4 absorption test have used a variable bolus dose between 1 and 2 mg, but this was not calculated on a weight-related basis (12, 15, 16) . In this study, a weight-related dose was used in each case. There is little data available to estimate what the 'normal' absorption following a weight-related weekly bolus of L-T 4 would be. Here, we show in our series that a fT 4 concentration taken 120 min post-ingestion can be used to represent maximal absorption. The mean elevation in fT 4 at 120 min was w54%. There was, however, no correlation between the incremental rise in fT 4 demonstrated at 120 min and the degree of TSH suppression at 1 month. Severe hypothyroidism may impair absorption, presumably due to oedema of the small bowel mucosa, and it is likely for this reason that the patients with severe hypothyroidism (TSH O150 mU/l) had the lowest actual rise in fT 4 at 120 min. This is therefore a limitation of the test. Table 1 Data for the six patients in whom their TSH remained elevated following the administration of a weight-related weekly levothyroxine dose. Note that the study dose used for the absorption test/weekly administration, in most cases, was significantly less than that taken before the study. The absorption test, however, showed both a similar incremental rise and peak at 120 min to the patients in whom their TSH was suppressed. 
Assessment of non-adherence to levothyroxine
None of the patients experienced side effects as a result of taking the whole week's dose of L-T 4 at once. For six patients, a rise in TSH was observed. For the majority of these patients, the dose of L-T 4 used was substantially less than that taken before entering the study. However, using the study dose, the absorption test showed a similar rise and peak at 120 min to the patients in whom their TSH was suppressed. The reasons for failure to normalise TSH concentrations in these six patients are unclear, but it may simply be that they have higher L-T 4 requirements due to differences in metabolism or clearance. The administration of L-T 4 bolus for both the absorption test and the ongoing weekly L-T 4 was supervised in both centres, one centre where T 4 was crushed and mixed with jam and the other centre where patients were observed swallowing the tablets whole. Interestingly, all the six patients who failed to improve with the weekly L-T 4 administration were from the group in which patients were given their tablets whole. It is plausible but highly unlikely (as the patients were supervised for 1 h after ingestion of L-T 4 ) that some of the patients may not have swallowed the tablets and that the poor adherence may have continued to be an issue. In addition, crushing of L-T 4 tablets has been shown to cause no reduction in the drug availability and in some cases it may actually enhance absorption (17) . It is possible that crushing of tablets may have increased drug availability in patients whose TSH concentrations normalised and may have had a similar effect, if done, in the six patients whose TSH concentrations remained elevated. Unfortunately, it was not possible to confirm this hypothesis as these patients declined further repeat testing using crushed L-T 4 tablets. We did not specifically ask about grapefruit juice (18) or ingestion of soy protein supplements (19) , both of which have been shown to affect absorption. It is, however, unlikely that this could have explained the lack of TSH suppression observed as massive quantities would have been needed to produce the elevation in TSH levels in those patients who did not respond. We would, however, recommend that these questions are included in an initial assessment.
After poor adherence is identified, different strategies can be adopted to improve treatment outcomes for the future. These should primarily be based on a closer understanding of the patients' perspectives of their illness, lifestyle and health beliefs, rather than the perceptions and expectations of health care professionals (8) . One of the most commonly advocated ways to improve compliance is the improvement of the doctor-patient relationship (20) .
Conclusion
The T 4 absorption test helps to demonstrate that T 4 can be absorbed into the systemic circulation and the current study shows that the mean absolute incremental rise in fT 4 at 120 min is w54% (time 0 min 13.1G4.5 time vs 120 min 24.7G8.4 pmol/l) in patients not known to have malabsorptive pathology.
Weekly L-T 4 administration showed that the majority of patients (75%) who were administered a weekly equivalent dose, which was lower than the equivalent dose previously taken on a daily basis, showed a significant improvement in their TSH at 4 weeks, demonstrating that adherence was indeed an issue.
We recommend that the measurement of serum fT 4 concentration 120 min after the ingestion of a weightrelated dose of crushed L-T 4 can be used to show maximal T 4 absorption; weekly administration of the same dose of L-T 4 and measurement of serum fT 4 and TSH concentration thereafter should be used to demonstrate non-adherence with treatment.
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